One of the most prevalent forms of post-transcriptional RNA modification is the conversion of adenosine-to-inosine (A-to-I), mediated by adenosine deaminase acting on RNA (ADAR) enzymes. The advent of the CRISPR/Cas systems inspires researchers to work actively in the engineering of programmable RNA-guided machines for basic research and biomedical applications. In this regard, CIRTS (CRISPR-Cas-Inspired RNA Targeting System), RESCUE (RNA Editing for Specific C to U Exchange), RESTORE (Recruiting Endogenous ADAR to Specific Transcripts for Oligonucleotide-mediated RNA Editing), and LEAPER (Leveraging Endogenous ADAR for Programmable Editing of RNA) are innovative RNA base-editing platforms that have recently been engineered to perform programmable base conversions on target RNAs mediated by ADAR enzymes in mammalian cells. Thus, these four currently characterized RNA-editing systems constitute novel molecular tools with compelling programmability, specificity, and efficiency that show us some creative ways to take advantage of the engineered deaminases for precise base editing. Moreover, the advanced engineering of these systems permits editing of full-length transcripts containing disease-causing point mutations without the loss of genomic information, providing an attractive alternative for in vivo research and in the therapeutic setting if the challenges encountered in off-target edits and delivery are appropriately addressed. Here, I present an analytical approach of the current status and rapid progress of the novel ADAR-mediated RNA-editing systems when highlighting the qualities of each new RNA-editing platform and how these RNA-targeting strategies could be used to recruit human ADARs on endogenous transcripts, not only for our understanding of RNA-modification-mediated regulation of gene expression but also for editing clinically relevant mutations in a programmable and straightforward manner.
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Role of ADAR in RNA Editing
RNA epitranscriptomic regulatory mechanisms represent a significant part of RNA homeostasis when markedly influencing the transcripts fate and RNA regulatory processes in cells without altering the ribonucleotide sequence. 1, 2 RNA editing can result from insertion, deletion, or substitution of nucleotides. 3 In humans, adenosine-to-inosine (A-to-I) RNA editing is the most common post-transcriptional nucleotide modification. 4, 5 Based on bioinformatic analyses and deep targeted sequencing, Bazak et al. 5 estimated that there are more than 100 million human Alu RNA-editing sites distributed in the human transcriptome.
A-to-I editing is catalyzed by adenosine deaminase acting on RNA (ADAR) enzymes, whose substrates are double-stranded RNAs (dsRNAs). 6, 7 Three human ADAR genes have been identified (adars 1-3) with ADAR1 (official symbol ADAR) and ADAR2 (ADARB1) proteins having well-characterized adenosine deamination activity. 7, 8 ADAR3 (ADARB2) is expressed in the human brain, but its function remains unknown because no deaminase activity has been reported for this protein, 9 probably because of its inability to homodimerize, and it is thought to act as a competitive inhibitor of ADAR1 and ADAR2 in the brain. 10, 11 ADARs have a typical modular domain organization that includes at least two copies of a dsRNA binding domain (dsRBD; ADAR1with three dsRBDs; ADAR2 and ADAR3 with two copies) in their N-terminal region followed by a C-terminal deaminase domain. 12 Splicing and editing are the two main processes contributing to transcriptome diversity. 4 Although infrequently, A-to-I RNA-editing targets canonical splicing acceptor, donor, and branch sites, it was found to affect splicing regulatory elements within exons. 4 For instance, Beghini et al. 13 showed that RNA editing at the branch site of PTPN6 (protein tyrosine phosphatase, nonreceptor type 6) gene in acute myeloid leukemia patients was found to impair splicing events, with an apparent function in leukemogenesis.
Moreover, in instances where mRNA coding sequence is affected, frameshifts and codon sense changes can have profound effects on protein structure and function. One of the first attempts to correct a mutated RNA by deamination of A-to-I was through the strategy of Woolf et al. 14 Initially, a portion of a human dystrophin mutated sequence containing a stop codon was fused in-frame to the luciferase coding region to monitor whether the correction could occur. 14 complementary to the premature stop codon on the target transcript, the oligonucleotide-mRNA hybrids were microinjected into one-cellstage Xenopus embryos observing a significant increase in luciferase expression as a consequence of the UAG stop codon correction by deamination of A-to-I. 14 However, no further mechanism was characterized.
In contrast, Stafforst and Schneider 15 pioneered in engineering ADAR fusion protein for RNA-guided, site-directed RNA editing. SNAP tag is an engineered mutant of the DNA repair protein O 6 -alkylguanine-DNA alkyltransferase that forms a covalent bond with O 6 -benzylguanine (BG). 16 The deaminase domain of a human ADAR was fused to SNAP tag that enables the targeting of the fusion with a short (20-nt) guide RNA (gRNA). 17 The assembly of editase and gRNA is mediated by covalent bond formation (SNAP-ADAR/ BG-gRNA). 17 As a result, the gRNA directs the engineered fusions to the target RNA to form an RNA duplex, usually containing an A:C mismatch at the target site, to induce site-specific deamination. 17 This strategy has been used for the highly specific repair of point mutations in mRNAs by site-selective editing. In this regard, the potential of SNAP-deaminases for site-directed RNA repair was demonstrated by Vogel et al. 17 when repairing, for the first time, the Factor 5 Leiden polymorphism in vitro. This single-point mutation (G 1746 /A) represents the most abundant genetic risk factor inheritable multifactorial thrombophilia in the Caucasian population. 18 More recently, ADAR's deaminase domain and gRNAs have been covalently linked (SNAP-tagged ADARs approach) for the efficient and simultaneous site-directed editing of transcripts KRAS (two 5 0 -UAG-3 0 sites in KRAS mRNA) and STAT1 (the Tyr701 phosphorylation site [5 0 -UAU-3 0 ] in STAT1 mRNA), which would be appropriate for the manipulation of signaling proteins. 19 Thus, the SNAP tag technology represents a suitable method to assemble gRNA-protein conjugates for transcript-specific RNA editing in vitro, in cell culture, and in vivo. 17, 19, 20 Although A-to-I substitution is a single-nucleotide change, it can have a significant physiological or clinical impact. 21 Nevertheless, RNA editing can safely be approached because engineering RNA lowers the risk for permanent genomic changes, and even though off-site RNA editing can occur, it could be reversible. 22 Concerning the above subject, efficient programmable RNA-editing tools have previously been designed to achieve targeted RNA editing. 19, 23, 24 For example, human ADAR2's deaminase domain has been fused (non-covalent interactions) with the RNA binding domain of the l bacteriophage antiterminator protein (lN peptide-ADAR/boxB RNA hairpin-gRNA) to guide site-specific mRNA editing and correct premature termination in the cystic fibrosis transmembrane conductance regulator anion channel (CFTR) transcript in Xenopus oocytes. 23 Another typical example of amino acid substitution is the editing of the glutamate receptor GluR2 transcript at two sites, the R/G and the Q/R site, with the latter one being essential for nervous system function. 25 The above led Wettengel et al. 26 to develop an elegant strategy to harness wild-type human ADAR2 and stimulate site-selective RNA editing. Thereby, by the ectopic expression of short, structured gRNAs, they mimicked the intronic R/G-motif of the glutamate receptor transcript and recruited human ADAR2 to stimulate A-to-I conversion. 26 Also, employing this successful design of gRNAs that enable the re-addressing of human ADAR2 toward specific sites, the authors promoted the recoding of a premature stop codon (UAG) into tryptophan (UIG) to repair a recessive loss-of-function mutation in PINK1 (W437X) in HeLa cells. 26 The above showed a functional rescue of PINK1/Parkinmediated mitophagy 26 (process of autophagy by which damaged depolarized mitochondria are eliminated), which is linked to the etiology of Parkinson's disease (PD). 27 Hence this strategy demonstrates the possibility of the approach to repair a neuron-related disease-causing point mutation, and its use could extend to numerous mutations present in other genes associated with inherited forms of PD.
In recent years, several new RNA-targeting platforms based on Cas proteins have been developed, including Cas13. 24 For instance, Cox et al. 24 fused the ADAR2 deaminase domain (ADAR2 DD ) to the catalytically inactive Cas13b effector protein (dCas13) to create the RNA Editing for Programmable A-to-I Replacement (REPAIR) system. By using this RNA-editing platform, the authors achieved A-to-I conversion in endogenous transcripts and the correction of two disease-relevant mutations: 878G>A (AVPR2 W293X) in X-linked nephrogenic diabetes insipidus and 1517G>A (FANCC W506X) in Fanconi anemia. 24 With the advent of high-throughput detection and coupled with the development of sequencing-based techniques for transcriptomewide identification (e.g., fourth-generation sequencing technologies such as Oxford Nanopore Technologies [ONT]) and mapping of RNA modifications (e.g., by antibody-based detection methods), new types of RNA chemical modifications are being discovered. 1, 2 However, the detection of new levels of control in the epitranscriptome emphasizes the need to explore new site-directed RNA-targeting approaches. Interestingly, so far this year, new approaches that add to existing methods have been developed to elicit programmable, ADAR-mediated RNA editing. These elegant strategies enable editing with broad codon range, notable precision, and efficiency, as well as the opportunity for multiplexing, which highlights the scientific progress in site-specific RNA editing (Table 1) .
Expanding the RNA-Editing Arsenal CIRTS
The epitranscriptomic code involves all functionally relevant chemical modifications to the transcriptome. 28 These chemical modifications in nucleotide bases on RNA are the result of RNA-binding proteins (RBPs) 29 which are usually classified as "writers" (enzymes responsible for putting in place the modification), "readers" (RBPs that can distinguish and bind to the sequence upon modification of the RNA), and "erasers" (enzymes responsible for the elimination of the modification). 1, 28 In a recent study in Cell, Rauch et al. 30 described the engineering of the CRISPR-Cas-Inspired RNA Targeting System (CIRTS) as a modular protein engineering strategy, developed entirely from human protein parts ( Figure 1A ). The engineering of this programmable RNA-targeting system consists of: (1) an RNA hairpin-binding protein that provides the core of this system because it is a selective, high-affinity protein binder on an engineered gRNA; (2) a gRNA with a specific RNA structure that interacts with the engineered hairpin binding protein, as well as a complementary sequence to the target RNA of interest; (3) a protein that could bind to the gRNA to stabilize and protect it prior to target interaction; and (4) an epitranscriptomic regulator that acts on the targeted RNA 30 ( Figure 1A ). Hence through Watson-Crick-Franklin base pair interactions between gRNA and the targeted RNA, this ribonucleoprotein complex delivers a range of effector proteins, including ribonucleases, RNA degradation proteins, RNA-editing proteins for A-to-I editing, for example, making use of human ADAR2, and translational activators for enhanced protein production in a gRNA-dependent manner. 30 Therefore, CIRTS provides a novel platform easily programmable for the epitranscriptome, because it represents a versatile system that can combine multiple protein domains, where a specific domain might work as "writer," "reader," and/or "eraser" to target virtually any transcript of interest. The above could also occur either on the same or different RNA molecules, the latter being possible through rationalized and multiplexed delivery of gRNAs.
Interestingly, CIRTS-1 has an amino acid sequence size of 432, which is even smaller than the smallest DNA-targeting Cas14a protein found to date (529 amino acids [aa]), 31 which denotes that this modular system is efficient even in a minimum configuration. In contrast, given the human-derived nature of CIRTS, this would avoid immune concern if this is intended for epitranscriptome-modulating purposes in vivo. 30 Regarding this, Rauch et al. 30 computationally predicted the likelihood of risk for inducing immune responses of the humanized peptides expressed by the engineered constructs. Specifically, through an analysis of major histocompatibility complex class I (MHC class I) binding peptides, they found a low propensity to cause immune reactions, 30 which is particularly attractive for therapeutic interventions.
RESCUE
Previous work established that the deactivated Cas13b moiety recognizes a target sequence of RNA, whereas the ADAR2 moiety promotes site-directed A-to-I RNA editing in full-length transcripts Targeted base motifs on the transcripts evaluated G-to-A mutation in the coding region of firefly luciferase gene simultaneous targeting of an A and a C in the transcripts 5 0 -UAG-3 0 triplet in the 3 0 UTRs; 5 0 -UAU-3 0 and CAA motifs in the ORF regions containing pathogenic mutations in mammalian cells without cutting the transcripts. 24 Now, a new programmable base-editing tool referred to as RNA Editing for Specific C-to-U Exchange (RESCUE), which is capable of precise cytidine-to-uridine conversion in RNA with increased cytidine deamination activity, was revealed in a recent paper published in Science by the same group of researchers 32 (Figure 1B) . Via rational mutagenesis approach, with mutations distributed throughout the structure of ADAR2 DD , the authors demonstrated that adenosine deaminases could accept other bases, resulting in a novel cytidine deamination mechanism that can edit dsRNA. 32 The optimized ADAR2 DD was fused to the catalytically inactive Cas13b ortholog 32 (Figure 1B) , which allows RESCUE to be functional for adenosine and cytidine deamination and, in turn, for the modulation of phosphorylation at specific phosphorylation residues. 32 For instance, when the authors applied RESCUE employing a panel of gRNAs targeting the b-catenin transcript at known phosphorylation residues, they observed editing levels between 5% and 28%, resulting in up to 5-fold activation of Wnt/ b-catenin signaling, as well as an increasing cell growth in HEK293FT and human umbilical vein endothelial cells (HUVECs). 32 Therefore, RESCUE expands the RNA-targeting arsenal with new base-editing functionality. Because this system can be minimized for adeno-associated virus (AAV) packaging for viral delivery, 32 it makes it an attractive tool for RNA editing in basic research in life sciences. However, because RESCUE harbors A-to-I and C-to-U deamination activity, this is a problematic issue due to the unintended transcriptomic modifications that limit the potential therapeutic use of this RNA-editing tool. Thus, it suggests the need to more fully define and characterize the RNA off-target effects of deaminase Site-directed RNA editing by RESTORE is exerted by chemically modified antisense oligonucleotides (ASOs), which can be engineered with a programmable specificity domain that determines target mRNA recognition and an invariant ADAR recruiting domain to guide endogenous ADAR1 or ADAR2 to the ASO:mRNA duplex, although only the recruitment of ADAR1 is depicted. It results in a specific adenosine-to-inosine (A-to-I) conversion at the target site. (D) ADAR-mediated editing by LEAPER is performed through long ADAR-recruiting RNAs (arRNAs) that could anneal with the target transcripts (with an A-C mismatch as specified) and form double-stranded RNA (dsRNA) substrates that in turn recruit endogenous ADAR1 protein (which possess three dsRBDs) for targeted editing. dsRBD, double-stranded RNA binding domain.
enzymes in this base editor platform before its potential applicability in therapeutics.
RESTORE
Recently, Merkle et al. 33 described the RESTORE (Recruiting Endogenous ADAR to Specific Transcripts for Oligonucleotidemediated RNA Editing) system as another useful alternative for site-directed RNA editing. RESTORE is composed of an antisense oligonucleotide (ASO) chemically modified and engineered in two segments: (1) a programmable specificity domain that determines target mRNA binding, and (2) an invariant ADAR recruiting domain to guide endogenous human ADARs to the ASO:mRNA hybrid to edit transcripts 33 ( Figure 1C ).
This programmable approach has been applied in a panel of immortalized human cell lines and primary human cells with editing yields ranging from 75% to 85%, and these yields were cell line dependent. 33 By means of RESTORE, Merkle et al. 33 repaired a clinically relevant mutation that causes a1-antitrypsin deficiency, as well as edited the phosphotyrosine 701 site (5 0 -UAU-3 0 codon) of STAT1 in HeLa and primary cells. Furthermore, the PiZZ mutation (E342K) in SERPINA1 (serpin family A member 1), known as the most common cause of a1-antitrypsin deficiency, which, in turn, causes severe damage to the lungs and the liver, 34 was another relevant disease-causing mutation edited by RESTORE at the transcript level. 33 These examples demonstrate the potential of this RNA-editing technology for therapeutic correction of point mutations in disease-relevant transcripts. In this regard, RNA editing mediated by RESTORE is achieved only through the administration of the ADAR-recruiting ASOs without ectopic expression of ADARs, which gives this approach an advantage by minimizing the off-target editing effect caused by overexpression of these RNA-editing enzymes. The above would considerably simplify their clinical application employing several delivery strategies for oligonucleotides that are being successful in clinical trials, such as liposomal nanoparticle formulations or N-acetylgalactosamine (GalNAc) conjugation. 35 
LEAPER
Very recently, Qu et al. 36 described another RNA-editing approach referred to as Leveraging Endogenous ADAR for Programmable Editing of RNA (LEAPER), which employs short engineered ADAR-recruiting RNAs (arRNAs) to engage endogenous ADAR1 enzymes to change a specific A-to-I ( Figure 1D ) and achieves editing efficiencies of up to 80%, with minimal global off-target effects and limited editing of non-target adenosines in the target site. 36 Interestingly, this study demonstrated that the targeted RNA editing by ADAR proteins could be carried out in the presence or absence of the catalytically inactive Cas13 protein effector (dCas13a-ADAR1 fusion). 36 The latter may occur because long gRNAs (111-151 nt in length) could anneal with the target transcripts to form dsRNA substrates that, in turn, recruit endogenous ADAR proteins for targeted editing and because of this, the gRNAs were called arRNAs. 36 By employing arRNAs of different nucleotides in length, LEAPER can enable effective editing on endogenous transcripts, including PPIB, KRAS, SMAD4, and FANCC, with a tendency to obtain high editing rates. 36 Besides, by coexpression of two arRNAs, LEAPER can simultaneously target different sites observing editing events with a synergistic effect compared with those with individual arRNAs, 36 which opens up the possibility of multiplex editing through several arRNAs.
In the first instance, to exemplify the therapeutic potential of LEAPER, the authors targeted the tumor suppressor gene TP53, the single most frequently altered gene in human cancers, 37 demonstrating that LEAPER is capable of repairing the cancer-relevant premature stop codon of TP53 and restoring its function, 36 which represents a promising strategy for precision oncology.
Moreover, the authors restored the a-L-iduronidase (IDUA) catalytic activity, a lysosomal metabolic enzyme responsible for the degradation of mucopolysaccharides, 38 in Hurler syndrome patient-derived primary fibroblasts (IDUA-deficient GM06214 cells). Employing this single-molecule system, Qu et al. 36 ensure high-efficiency RNA editing without causing an apparent innate immune response. It is noteworthy that LEAPER was delivered either by a plasmid or viral vector, or as a synthetic oligonucleotide into different cell types, including multiple human primary cell types, 36 denoting the versatility of this strategy in terms of delivery.
Looking Ahead to the Future All of these strategies constitute programmable systems that are harnessing the nature of Watson-Crick-Franklin base pair to interact with specific nucleic acid sequences just by shifting the sequence complementarity of the guide strand. As a result, these programmable RNA-guided tools allow identifying and correcting RNA modifications in coding RNAs, although they could also edit non-coding RNAs for modulating gene-regulatory networks. In this respect, because ADARs have the ability to bind any dsRNA >20 bp in length, 39 the number of possible targets of these enzymes also includes small non-coding RNA sequences, such as microRNAs (miRNAs), small non-coding RNA molecules of 20-24 nt in length, whose primary transcripts can form hairpins containing bulges and loops that may act as double-stranded targets. 40 Concerning this, A-to-I RNA editing within miRNAs precursor sequences (pre-miR-NAs) could alter their processing into mature miRNAs, which would lead to a decrease in the availability of miRNA sequences.
To give an example, Kawahara et al. 41 reported that A-to-I RNA editing of pri-miR-151 at two specific sites within its foldback dsRNA structure completely inhibits its cleavage by the Dicer-TRBP complex, leading to an accumulation of edited pre-miR-151. In contrast, by integrating deep sequencing and array approaches with bioinformatics analyses along with molecular studies, Tomaselli et al. 42 showed that ADAR2 is critical to edit a small number of mature miRNAs and to significantly modulate the expression of approximately 90 miRNAs in glioblastoma cells. After the mature miRNAs editing events, the transient "gRNA/miRNA duplexes" could be unwinding by the action of the AGO2 proteins to release to single-stranded miRNAs, which would eventually be bound to AGO2 and give, as a result, the formation of active RNA-induced silencing complexes (RISCs) for miRNAs function. 43 Hence through the implementation of these editing technologies, the processing of specific miRNAs could be corrected and, as a result, restore critical signaling pathways regulated by these non-coding RNAs.
Although RNA base editing via RNA-guided adenosine deaminases of human origin represents an attractive approach for correction of disease-causing mutations, 44 one aspect that should be considered is the immunogenicity issues. This is relevant because recently it was identified that a substantial fraction of people already have circulating antibodies to CRISPR-Cas proteins, 45, 46 suggesting immunogenic aspects might be a limitation for therapeutic interventions if it is desired to overexpress ADAR proteins or nucleic acid sequences to recruit these editing proteins. Regarding this, computational prediction strategies could be an excellent approach to predict low propensity to cause immunogenicity of the different components that are part of each platform. 30 However, although bioinformatics predictions are usually useful tools only until the experimental assessment, we could know the degree of immunogenicity that these systems may confer. Now, to achieve RNA editing with high efficiency and high accuracy, most of these systems require the co-existence of a deaminase (either by endogenous or ectopic expression) together with one or more gRNAs and the target RNA in suitable stoichiometry. Therefore, it is necessary to direct efforts to improve these strategies in terms of efficiency and specificity, and consequently enhance editing yield for potential applications in clinical and biomedical research, also addressing the challenges encountered in delivery.
For example, the supporters of the RESTORE system could focus efforts on minimizing the number of chemical modifications included in the ASOs, thinking in large-scale and low-cost production for applications in vivo (e.g., pilot in vivo experiments), without losing long shelf-life in an intracellular environment and ensuring and even improving higher editing. In contrast, various bulges and loops could be incorporated in dsRNA regions to increase the ability to recruit endogenous ADAR enzymes in a highly specific manner. 40 Those supporters of LEAPER could focus on improving the ADAR-recruiting scaffold fused to arRNA for increasing binding ADAR proteins, or stabilizing the complete sequence of arRNA, or even increasing its endogenous expression in the different cellular environments. 36 In allusion to this, an alternative for increasing binding ADAR proteins could be the use of aptamers, small noncoding RNAs capable of recognizing, with high specificity and affinity, a wide variety of molecules in a manner that resembles antibodies, 47 which have certain advantages in stability and nonimmunogenicity. By in vitro selection or SELEX (systematic evolution of ligands by exponential enrichment), it is possible to iteratively evolve the best combinations of oligonucleotides with chemical modifications, through an oligonucleotide library, 48 to improve not only the high-affinity ADAR-binding proteins but also improve their stability by prolonging their residence in biofluids, thinking in a translational perspective.
It is clear that off-target editing is a significant concern when deaminases are ectopically overexpressed, and this is related to the enzyme activity. On this issue, RESTORE and LEAPER produce almost no off-target editing because both approaches rely on the harnessing of the endogenous enzyme, which implies that both RNA-editing tools require only the administration of the ADAR-recruiting ASOs. The above considerably simplify research studies, and clinical application due to unwanted RNA editing can be preferentially reduced. Nevertheless, RESTORE employs chemosynthetic ASOs for recruiting endogenous ADARs with complex chemical modification, 33 which could not be functional through expression in cells, whereas LEAPER represents an alternative approach that uses arRNA with a length that allows it to use endogenous ADAR for RNA editing without incorporating dense chemical modifications. 36 As a result, with LEAPER it is possible to express arRNAs by plasmids and viral agents, or as a synthetic oligonucleotide, with what is feasible to achieve efficient and precise editing of endogenous RNAs and correction of pathogenic mutations in a broader spectrum of cell types. 36 
Conclusions
We not only are witnessing the emergence of new CRISPR-Cas immune systems in nature, in its smaller versions, 31 but also the rapid evolution of base editors, as well as being able to engineer sophisticated RNA-editing systems in a programmable manner ( Table 1) . As a result, by these base-editing platforms, it is possible to modulate RNA activities and edit or correct human disease-associated mutation that would be a valuable complement to existing CRISPR/Cas systems.
For now, we cannot state that some of these novel approaches are better than the other because all could be complemented depending on the transcripts that need to be edited and the cellular and tissue model where these could be used. Regardless of the RNA-editing strategy chosen, further experimental testing is needed to demonstrate not only the low immunogenic capability of these effector proteins and all its components but also minimal off-target effects. Undoubtedly these challenges have to be overcome before these platforms are directed toward therapeutic intervention.
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